This study's objective is to assess the potential impact of climate change on an example underdesign hydropower system in the Karkheh River basin, Iran. Based on three water resources performance criteria (reliability, resiliency, and vulnerability), a novel framework was proposed to interpret and cope with the uncertainties associated with such assessments. The results demonstrated the acceptable performance of the system in most months, while there were certain signs for rare low-inflows, and consequently low hydropower generated by the system, due to the climate change. It was found that in terms of these three criteria, the best performances in the climate-change condition occurred in May (80% reliability), December (45% resiliency), and April (19% vulnerability). Yet the worst performances occurred in September (2% reliability), July and August (0% resiliency), and in October (39% vulnerability). These results indicated that the reliability and resiliency of the system would be improved under the climate change condition, while due to the increase of low-inflow incidences, the vulnerability of the system would increase. This suggests that, although the system may not face frequent failures, severe blackouts may occur. With timely consideration of future climatic conditions and appropriate adaptive actions, including additional backup systems for reliable and safe electricity generation, future undesired conditions can be avoided in the basin.
INTRODUCTION
While the world's population growth must become a major concern, constant improvements in the welfare and lifestyle of the residents of the 'blue planet' may have caused overexploitation of many natural resources (Singh et al. ) .
Non-renewable energy resources fit the descriptions to be listed in such a category. Modern civilizations require a substantial amount of energy resources. As a result, many communities are currently facing difficulties in meeting such demands. Reportedly, in 2014, the world's total primary energy supply (TPES) was estimated to be 13,699
Mtoe, which showed an increase of 2.45% compared to 2012. According to the International Energy Agency, some 81% of the global TPES was met by tapping into fossil fuels (coal, oil, and natural gas) (IEA ). The represented values are expected to escalate dramatically in the foreseeable future, due to the positive trend in population growth and continuing consumption of natural fuel resources (Dincer & Acar ) , especially given that a higher rate of population growth is projected for urban areas, which may non-renewable resources (Halbouty ) . In addition to the adverse impacts of such energy resources on the environment, given the fact that the global energy market (one of the most influential financial markets of the world) is currently dominated by such resources (Shafiee & Topal ), the world's economy may be greatly injured by any downturn in the market of fossil fuels (Dincer & Acar ) . Subsequently, these resources cannot be considered as a long-term and sustainable solution to the rising demand for energy sources. Thus, searching for an alternative energy resource may seem a logical, yet inevitable, approach. These alternative resources should not only be easily accessible throughout the world, but must also have the least adverse environmental impacts (e.g. emission of greenhouse gases).
Additionally, these alternative resources can be categorized as renewable resources.
Currently, the most viable and environmentally friendly resources that could be considered as an alternative to fossil fuels are solar, wind, ocean, hydropower, biomass, and geothermal energy. However, among the proposed alternative energy resources, some may have more suitable characteristics. Solar and wind energy, for instance, have an intermittent and fluctuating nature, and to ensure a steady energy generation, additional backup systems may be required. However, hydropower plants, due to their unique nature, may be a more suitable choice than others. Accounting for nearly 20% of electricity production worldwide, hydropower is, by far, the most suitable renewable energy source (Dincer & Acar ) .
Future energy market predictions projected that this resource may remain as one of the most viable options, regardless of the future targets of energy markets in many countries (IPCC a).
While hydropower has many advantages over traditional and most other renewable energy resources, it can also affect and be affected by any upcoming changes in both global or regional climate behaviors, due to its direct dependence on the magnitude and timing of streamflow.
Therefore, the viability of hydropower projects at its current or planned status remains in question under the projected changes in the climatic behavior, and spatial and temporal streamflow changes associated with such phenomena (IPCC a).
Loosely, the term 'climate change' refers to any change in the long-term average or extreme climatic behavior of a region. While climate change projections demonstrate a positive trend in the average global temperature (IPCC a, b), such a decisive statement does not imply any regional scale behaviors of the temperature or any other climatic variables. Evidently, these changes may exacerbate the situation of water resources in arid and semi-arid regions, including the Middle East and North African nations, which, needless to say, are already experiencing mild to severe water stress due to the limited water availability and growing water demands (Sowers et al. ) .
Although the viability of hydropower projects coincide with these upcoming changes in the climate, mitigation and adaptive measurements do not have high priority in these nations (Sowers et al. ) , in which aggressive development plans rely solely on historical rather than climate change conditions. This may be due to the fact that climate change is tied with numerous uncertain projections, which may add complexity to an already complex problem.
In fact, the basic core of any scientific research is striving for an objective perspective. Yet, inevitably, there will be some cases in any scientific assessment which may require unbiased adept choices. In climatic sciences, for instance, such decisions may revolve around the adaptation of global circulation models (GCMs), downscaling techniques, hydrological models, and other such matters. Due to the fact that in many of these cases there is no specific advantage or logical priority over a variety of possible options that can produce feasible results, such choices are considered as sources of uncertainty (Zolghadr-Asli ).
The concept of uncertainty is an insuperable characteristic of natural phenomena's behavioral pattern predictions. The main objective of this study is to propose a framework through which the decision-makers are able to interpret and analyze the potential impact of climate change on hydropower and evaluate the uncertainties that are associated with such assessments. With ease of use and, relatively, fewer computational requirements, the proposed approach, which is based on the water resources performance criteria, can help the water resources decision-makers to cope with uncertainties associated with hydropower systems and climate change. To demonstrate the aforementioned framework, the Karkheh River basin hydropower system in Iran was selected. The climate change scenarios of the fifth assessment report (AR5) of the IPCC, namely representative concentration pathways (RCPs), were used. The datasets from the second generation of the Canadian Earth System Model (CanESM2) were downscaled using both the change factor technique and the statistical downscaling model (SDSM). The 4-reservoir hydropower system (Sazbon-e Jariani, Sazbon-e Makhzani, Seimareh, and Karkheh Jariani reservoirs) was simulated under both baseline and climate change conditions. The uncertainties associated with the results were then evaluated using the central tendency (mode, median, and average) and disperse indicators (range, standard deviation, and skewness), as well as a framework which was based on the probability-based performance criteria (PBPC), in terms of reliability, resiliency, and vulnerability.
MATERIALS AND METHODS
This section discusses the data processing procedures required for constructing climatic scenarios, transforming the generated climatic scenarios into hydrological data, and finally simulating the hydropower systems and analyzing the uncertainties associated with the produced results.
The basic steps of the proposed procedures are schematically shown in Figure 1 .
Construction of climate scenarios
Constructing the climate scenarios is based upon three Chiefly, GCM projections use a large-scale computational grid (resolution) in terms of time and space, which resultantly reduces the accuracy of the generated results downscaling procedure can be expressed as:
(1)
in which ΔT i and ΔP i ¼ average long-term monthly air temperature and rainfall changes for month i, respectively; T and ratio of root-mean-square error (RMSE) to observations standard deviation (RSR) (Moriasi et al. ) , which are respectively given by:
where x obs t and x sim t ¼ observed and simulated streamflow in the tth time step, respectively; x obs mean ¼ mean of the observed streamflow data; and N ¼ number of time steps. NSE ranges from À∞ to 1.0 (1.0 for a perfect fit); and RSR ranges from 0 to þ∞ (0 for a perfect fit) (Moriasi et al. ) . For a monthly time step, a PB value between À25 and þ25%, an NSE value greater than 0.5, or an RSR value less than or equal to 0.7 is considered satisfactory (Moriasi et al. ; Adhikari et al. ) .
Hydropower simulation
Hydropower simulation, naturally, is the prerequisite step to quantify the impacts of climate change on a hydropower system. Modeling of a hydropower system includes simulations of both water and power, which can be respectively expressed as Equations (8)- (14) (for water) and Equations (15)- (18) (for power):
0 Re(r, t) Rmax r r ¼ 1, . . . , nRes; t ¼ 1, . . . , N
Smin r S (r,t) Smax r r ¼ 1, . . . , nRes; t ¼ 1, . . . , N (14) 
in which S (r,t) and S (r,tþ1) ¼ stored water volume in the rth reservoir at the tth and (t þ 1)th time-step, respectively; Q (r,t) ¼ upstream inflow volume to the rth reservoir at the tth time step; M nRes×nRes ¼ reservoirs' connection matrix;
Re (r,t) ¼ released water volume from the rth reservoir at the tth time step; Sp (r,t) ¼ spilled water volume from the rth reservoir at the tth time step; Loss (r,t) ¼ lost volume of water due to evaporation for the rth reservoir at the tth Zolghadr-Asli et al. b). However, the most fundamental and common PBPCs are resiliency, reliability, and vulnerability (RRV). Basically, reliability refers to the probability of a successful performance of a system; resiliency measures the probability of successful functioning, following failure of a system; and vulnerability quantifies the severity of the probable failures during the operation. While reliability and resiliency are dimensionless, vulnerability may have dimensionality.
According to the reliability criterion, the system state [X (r,t) ] is divided into Success (S) and Failure (F ). While each water resources system has unique definitions of success and failure, the state of a hydropower system can be defined as:
Using the system state, the reliability of a hydropower system can be expressed as:
in which α r ¼ reliability of the rth reservoir's hydropower system. Reliability has a range of [0,1].
The resiliency criterion of a hydropower system, which is defined as the conditional probability of a successful state event given that a failure event has occurred, can be defined as:
in which, γ r ¼ resiliency of the rth reservoir's hydropower system; and W (r,t) is given by:
Note that resiliency has a range of [0,1].
Unlike reliability and resiliency, vulnerability does not have a unique definition. While many interpretations of vulnerability are effective in system assessments, they are also subject to certain drawbacks (Zolghadr-Asli et al. b).
In order to overcome these drawbacks, the vulnerability of a hydropower system can be redefined as:
in which, υ r ¼ vulnerability of the rth reservoir's hydropower system; f (r,t) ¼ severity of each probable failure for the rth reservoir's hydropower system at the tth time step; and e (r,t) ¼ a weight specified for each probable failure in the rth reservoir's hydropower system at the tth time step, which is given by:
Consequently, the vulnerability of a hydropower system can be rewritten as:
Note that, as far as the operation and performance analyses of such a hydropower system are concerned, the proposed definition of vulnerability (Equation (26) Given the great potential of the Karkheh River basin for hydroelectric generation, many hydropower projects are under consideration, one of which has already been constructed, and the procedure to bring it to an operational state has begun. Four dams selected for this study are exclusively used for hydropower generation purposes and are either under study or have just began their operation.
The characteristics of these dams and their locations are shown in Table 2 and Figure 6 , respectively.
RESULTS AND DISCUSSION

Constructed climate change scenarios
This study used the CanESM2 model to simulate rainfall and air temperature for the RCP 2.6, RCP 4.5, and RCP 8. Brief summaries of the constructed climate scenarios using the change factor technique and SDSM are shown in Tables 3 and 4 , respectively.
The results of the change factor technique indicated that, while the basin's average air temperature rose in all the scenarios, the patterns of rainfall could vary in each constructed scenario. For instance, the change factor technique predicted an increase of 0.5, 0.6, and 0.8 C in the average air temperature for RCP 2.6, RCP 4.5, and RCP 8.5, respectively. As shown in Table 4 , the results of the SDSM show increases in both rainfall and air temperature. Also, these predicted changes are more extreme than those from the change factor techniques. According to Table 4, in Table 5 . The observed and simulated streamflows of the Seimareh River and Karkheh River are illustrated in
Figures 7 and 8, respectively. As shown in Table 5 , all indicators are in the acceptable ranges. Table 6 summarizes the predicted flows of both rivers (Seimareh River and Karkheh River) for the constructed climate scenarios. The show the box plots of the system's total hydropower generation under the assumptions of RCP 2.6, using the results downscaled by the change factor technique and SDSM.
Additionally, as an example, Table 7 summarizes the central tendency (mode, median, and average) and disperse indicators (range, standard deviation, and skewness) for January under both baseline and climate change conditions.
For the central tendency in January, the mode of the total hydropower generated by the system for both baseline and climate change conditions is 1,506 MW. In fact, this would also be the case for all other months, except
August, September, and October. Knowing that this value is also the capacity of the hydropower system could be a sign of a well-designed system. Additionally, comparison of the median of the hydroelectricity generated for the baseline condition (1,433 MW) and the climate change conditions revealed that in at least half of the time in January the results produced by the change factor technique had a lower median, while SDSM yielded hydroelectricity production with a higher median than that for the baseline condition.
This would also be the case in February, June, August, September, October, November, and December. In March, April, and May, the same median was obtained for the baseline and climate change conditions. In July, the median under both climate change conditions was higher than the average values for the baseline and climate change conditions revealed that the system showed a better performance under the baseline condition than the condition of climate changes projected by the change factor technique. However, the condition and performance of the system were improved for the SDSM results. In fact, this was the case for the rest of the months.
In addition, to gain a comprehensive overview of the generated results, the disperse indicators were also analyzed. The results indicated that in January the range of the generated results for the baseline condition was more left-tails, indicating that the generated data were unevenly distributed, which could also be observed from comparison of the median and the average of the data for each condition (median > average). This reflects low-frequency data, with a low total hydropower generation. In most months, the highest absolute values of the skewness were observed, in order, in the results from SDSM for the baseline condition, and from the change factor technique.
Although such analyses can provide a primary insight into the uncertainties associated with the generated hydropower electricity, given the massive created database, a comprehensive oversight of the performance of a system is a technical, time-consuming process. While using the RRV may not ease the analysis process, it could pinpoint the potential risk of the system's performance, and how it could affect the system, which in fact is the initial step to manage such plausible hazards. These analyses provide the probability of a failure event (reliability, Figure 11 ), the likelihood of achieving an acceptable performance if a failure would have occurred (resiliency, Figure 12 ), and the severity of these probable failures (vulnerability, Figure 13 ), as well as summarizing the performance of a system in terms of these three probability-based criteria.
It was found from analyzing the performance of the hydropower system that considering the reliability, resiliency, and vulnerability criteria, the best performances in the climate change condition occurred in May (80% reliability), December (45% resiliency), and April (19% vulnerability).
Yet the worst performances occurred in September (2% reliability), July and August (0% resiliency), and October (39% vulnerability). It should be noted that the aforementioned analysis of the performances of the hydropower system was based on the average projections for the climate change condition. Given the uncertainties embedded in the climate construction procedure, the represented values may not be the only trajectories for future conditions. For instance, analyzing the range of the performance criteria for each month (the difference between upper and lower boundaries in each month) could account for the uncertainty in the predicted results. The larger the range is, the more uncertain the predictions can be. For instance, January, with a range of 54% in predicting the reliability of the hydropower system, has the highest uncertainty, while the represented value decreases to 6% in September and October. Naturally, this indicates that there is less certainty in the reliability predicted for January than the reliability of the system predicted for September and October, per se. The analysis also indicates that considering the resiliency criterion, January (71%) has the highest uncertainty in the predicted resiliency, while both July and August (0%) have almost no uncertainty in their predicted resiliency. Considering the vulnerability criterion, September (53%) and January (7%)
respectively have the lowest and highest ranges.
A comparison of the results for the baseline and climate change condition revealed that, except for the decrements in March (3%), April (10%), and October (1%), in other months the chances of successful performance of the system in the climate change condition increased (reliability). Analyzing the resiliency in both baseline and climate change condition also indicated that the system performance would be improved under the climate change condition. Nevertheless, unlike the aforementioned criteria, the vulnerability of the system increased (worsened) for most months, except for the decrements in February (2%) and May (6%). It can be concluded from such changing patterns that although the system was more likely to show an acceptable performance, and in the case of a failure the system was more likely to change to a better situation, yet the probable failures were more severe and may have caused more harm due to the upcoming climate conditions. Consequently, such results
indicate that a backup system may be required to help support the system in the case of a failure. 
